Incident often occurs while deepening excavation pit and/or tunnelling underground pipelines although serious attention from practitioners, engineers, and scientists has received. Prevention and mitigation of incident have thus been deemed to be the key in developing sustainable infrastructure in urban areas. is study analyses and discusses an extensive water leak incident taken place throughout the parallel tunnels LUO09 construction in the soft alluvial deposits in Kaohsiung, Taiwan. Dumping sand bags and quick-set cement intervened the incident but in vain. e water leak incident is initiated by the piping. e existing vehicle underpass causes the jet-grout columns installed not exactly in the plumb. eir overlapping is estimated to be less than the design value of 60 cm, and some seepage-prone weak zones are thus developed. e measured hydraulic gradient being equal to 12.1 and existence of seepage-prone weak zones are deemed as the main cause initiating the water leak incident. e pinhole test results highlight not only the nonplastic nature of the Kaohsiung silt but also its vulnerability to piping under large hydraulic gradients. Some bullet points that indicate what engineers should do or avoid are learned and summarised.
Introduction
Braced excavation and/or shield tunnelling in soft ground with high piezometric levels leads to a high potential to trigger water leak incident. Such water leak into excavation pit or sewage pipeline can result in-ground collapse and damages to adjoining facilities. Prevention of such a leaking incident has thus been deemed to be the key in developing sustainable infrastructure in urban areas. Jo et al. [1] indicated that the migration of the fine particles mainly contributed to the ground sinking incident occurred in Seoul, Korea. Hou et al. [2] declared that the combined effects of the sewage pipeline corrosion, soil strength deterioration, and construction disturbance triggered a 20 m long, 14 m wide, and 12 m deep cave-in throughout soft soil tunnelling of Beijing metro line 10. Chen et al. [3] indicated that the ground collapse occurred in a 15.7 m deep excavation in very sensitive clay in Hangzhou, China caused damages to the retaining structure and the water main and led to ground sinking of a road next to the excavation. Feng and Lu [4] reported that the bislurry grouting failed to stop the seepage causing a failure of retaining structure installed in very thick sand layers with a high phreatic surface during a metro station excavation in Nanchang, China. Tan and Lu [5] indicated that a flawed slab connector embedded in the silt and sand layers has been deemed as being the main cause to lead to a sudden outburst of groundwater while deepening a subway excavation in Shanghai, China. e above studies indicate that incident often occurs, accompanied with significant casualties and economic losses, while developing infrastructure in urban areas [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and relates mostly the phenomenon of water leak despite several protective measures available [15] [16] [17] [18] [19] [20] [21] [22] [23] . In spite that serious attention has been drawn, consensus on prevention and mitigation measures has not reached yet. e objectives of this study are (1) to analyse and discuss the water leak incident occurred while deepening the middle sump pit of the parallel tunnels LUO09, (2) to reveal the triggering mechanism, with reference to the testimony from the men at work and the field measurements, and (3) to suggest preventive measures against similar leaking incident.
Description of Case History
2.1. Background. Two 837 m long, 6.1 m wide parallel tunnels LUO09 were excavated using the shield tunnelling method. A 6.24 m diameter earth pressure balance (EPB) shield was responsible for tunnel boring operations. eir ends are linked to the stations O7 and O8 of the Kaohsiung metro system, and a cross passage with a middle sump pit at 32.6 m depth was built for safety purpose. Several boreholes that penetrate through a 42 m thick alternating layer of soft clay and silty sand and into a more than 30 m thick silty gravel were installed providing a detailed description of the field geological conditions ( Figure 1 ). e groundwater level was at 5-6 m depths below the ground surface.
A series of 3.2-3.5 m diameter jet-grout columns at the depth of 35 m, with a mutual overlapping of 60 cm, were installed in the vicinity of the cross passage using the super jet-midi (SJM) method because of the surrounding silty sand of high permeability [26] . e grouting tubes, while boring operations, were installed with horizontal included angles because of the existing overlying vehicle underpass. Upon completion of the cross passage, the 3.3 m diameter sump pit was excavated.
Incident, Associated Damage, and Remedial Measure.
It was noticed that an outburst of mud water occurred while excavating to near the bottom of the sump pit ( Figure 2 (a)). Authorities immediately responded to the water ingress event by dumping sand bags and quick-set cement but in vain. Men at work soon heard sounds of breaks at liner joints of the tunnel on the south side, with water leaked into the tunnel from the ripped liner joints. e water also carried away fine particles, and the tunnel due to this reason lost contact with the ground leading to stepwise surface settlement in the longitudinal direction. More soil, while the settled cone expanded upwards, fell by slipping along the vertical wall of the vehicle underpass and passing through the ripped liner joints into the tunnel. Not only serious ground loss but also two undermined water mains transferred the soil into more flowable debris, causing a large surface cave-in on the south side (Figures 2(c) and 3(a)). e ground loss also caused the tunnel on the north side to sink, accompanied by the offsets of the liners (Figure 3(b) ). e soil fell into the tunnel mainly from the liner offset at the junction between the tunnel and the cross passage, leading to another surface cave-in (Figures 2(d) and 3(a)). To summarise, the amount of earth and quick-set cement dumped to fill the surface cave-ins was estimated to be as much as 12,000 m 3 , whereas the water inflow, resulting from the two undermined water mains, was approximately 2,000 m 3 . en, a 2-year rehabilitation was carried out to resume the traffic and its activities are detailed as follows ( Figure 4 ):
(i) Two watertight plugs within the tunnels at some distance from the point of water ingress were to secure the watertight effectiveness with additional jet-grout blocks (ii) Porewater within the surrounding soil was frozen using the ground freezing method (iii) Diaphragm walls of 1.5 m in thickness to retain the excavation-induced lateral loads were constructed at the depth of 60 m (iv) Dewatering wells screened at the bottom of the tunnels were constructed to secure the excavation face dry (v) e removal of the undermined vehicle underpass was conducted upon completion of Region "II" excavation (vi) New tunnel liners were erected following completion of Region "I" excavation (vii) Controlled low-strength materials (CLSM) was backfilled to the bottom of new vehicle underpass allowing for new vehicle underpass installation (viii) CLSM was backfilled to the surface 2.3. Field Instrumentation Data. Such serious ground loss caused two surface cave-ins to be developed on the south and north sides, respectively. e tunnel on the south side and the vehicle underpass due to loss of the contact with surrounding ground significantly settled 2.7 m and 1 m, respectively. e tunnel on the north side showed a relatively small settlement of 0.16 m. Additionally, the adjacent railway also measured some settlements and track relative displacements. As discussed, the diaphragm walls with the frozen ground and soilcrete blocks aimed to secure the watertight effectiveness while progressing the rehabilitation. e rehabilitation including the removal of undermined vehicle underpass and the erection of new tunnel liners as well as the installation of new vehicle underpass was performed when the water inside the walls was drained using the pumping wells and when the earth inside was removed. erefore, the proposed layout of monitoring instruments ( Figure 5 ) intended not only to observe the groundwater level and surface settlement variations while progressing the rehabilitation but to assess the associated environmental impacts.
Prior to progressing the rehabilitation, a group-well pumping test was performed using eight pumping wells installed inside the diaphragm walls. Figure 6 presents the variations of the groundwater levels and the number of pumping wells opened during the group-well pumping test. e group-well pumping test consisted of the pumping phase and recovery phase, and each phase continued for about 7 consecutive days. Table 1 lists the monitoring   2 Advances in Civil Engineering instruments used in the test. It can be seen from Figure 6 that the groundwater levels in the observation wells OW-S1, OW-S2, OW-04, and OW-10 declined sharply to the 33-35 m depths in the very beginning of the pumping phase and maintained almost constant until the end of the pumping phase. A similar tendency, but with smaller variation, was observed from the observation wells OW-02 and OW-08. ere was a sudden increase in the groundwater levels right before the completion of the pumping phase, most likely because of the recharge effect resulting from a rainfall. e recovery rates of the observation wells OW-S1, OW-S2, OW-04, and OW-10 gradually declined from 1.2 m/day in the beginning of the recovery phase to 0.1-0.2 m/day in the end of the recovery phase. Except the duration of rainfall, the groundwater level in the observation well OW-14 remained almost constant, indicating that the group-well pumping appeared to have negligible influence on the groundwater level outside the diaphragm walls, which also indicated good watertight effectiveness. Figure 7 shows the variations of the ground surface settlements while progressing the rehabilitation. e surface settlement point SM-T1 measured the smallest settlement, compared with the surface settlement points SM-T2, SM-T3, SM-T4, SM-A, SM-B, and SM-C. Similarly, the surface settlement points SM-01, SM-02, SM-04, SM-06, and SM-07 measured the relatively small settlements, compared with the surface settlement points SM-03 and SM-05. is phenomenon is due to the fact that the indicated surface settlement points were all close to the short side of excavation pit and the diaphragm walls of the short side due to its larger bending stiffness than those of the long side exhibited smaller lateral deflection and surface settlements. Despite Advances in Civil Engineering the unignorable contribution from the effects of the diaphragm wall construction and the strut removal to the ground surface settlements, the associated increases were typically 4.8-9.4 mm and 5.5-7.5 mm, respectively, for SM-A to C and SM-T1 to T4 and 1-13 mm and 8.2-13.1 mm, respectively, for SM-01 to 07. While the pit excavation appeared to have minimal influence on the ground surface settlements, it is worth to mention that when the ground was unfrozen prior to the installation of new vehicle underpass, the ground surface settlements increased very quickly, especially for SM-01 to SM-07. Despite the increases in the surface settlement, the surface settlements then soon reached a steady state condition.
Analysis and Discussions
3.1. Triggering Mechanism. e piping phenomenon was responsible for initiating the water leak incident, with reference to the testimony of workmen. Notwithstanding that, the initiation of piping was conceived variously. e existing vehicle underpass, in fact, led to some difficulties in installing the jet-grout columns exactly in the plumb. us, the overlapping of jet-grout columns was estimated to be less than the design value of 60 cm, and some seepage-prone weak zones were thus developed. On the other hand, as the groundwater level was at 5-6 m depths below the ground surface, the head difference between the groundwater level and the 34 m depth where the piping initiated was 29 m. e length of the shortest path for groundwater seepage was from the bottom of the soilcrete body to the point of water ingress, that is, 2.4 m (Figure 2(b) ). is came out with the hydraulic gradient i being equal to about 12.1 (i � 29 m/2.4 m � 12.1). e critical hydraulic gradient i cr for triggering piping within gap-graded sand-gravel mixture could be as low as 0.2-0.3 as compared to i cr � 0.9-1.0 for clean sands [26] . In spite that this might not be true for the Kaohsiung soil with the finer particle-size range, the soil particles could easily be detached or washed away as subjected to such a high hydraulic gradient of 12.1. It is evident that the seepage-prone weak zones allowed the water to flow through the jet-grout columns and into the sump pit and that this high hydraulic gradient made the water inflow even greater. e combined effects of high hydraulic gradient and existence of seepage-prone weak zones were deemed as the main cause to initiate the water leak incident.
Soil Erodibility.
Sherard et al. [26] described the pinhole test where water flows through a 1 mm diameter hole punched in a specimen of compacted clay and the water emerging from dispersive clay carries a suspension of colloidal particles [27] . Sherard et al. [28] then utilised the pinhole test to investigate erosion in clay-silt mixtures in response to the problem emerging from occasional failure of low-height earth dams which occurred upon water filling in Australia and U.S. e pinhole test provides a direct qualitative measurement of the dispersibility or deflocculation and consequent erodibility of clay soils as stated in ASTM standard D4647-93 [29] . ere were seven 33 mm diameter, 25 mm height specimens tested in the pinhole test for which their properties are summarised in Table 2 . e average grain size D 50 for the specimens was about 0.075 mm. A steel nipple was pushed into the specimen, and the hole was punched through the nipple as a guide hole using a 1 mm diameter steel needle. Wire screen and pea gravel were placed in the pinhole cell on either side of the specimen, as shown in Figure 8 . As the pinhole cell assembled, distilled water was allowed to percolate through the specimen under constant heads of 50, 180, 380, and 1020 mm, in accordance with ASTM standard D4647-06. e principal differentiation between dispersive and nondispersive soils, however, is given by the test results under 50 mm of head, as suggested by Sherard et al. [26] , indicating that there is no necessity to carry out the test through to 1020 mm of head. e purpose to further increase the head is to classify dispersive soils, which is not within the scope of this study. e effluent turbidity and size of pinhole at the end of each test were recorded. If the effluent remains clear and the pinhole size unenlarged, then the soil is nondispersive. Contrarily, the effluent is turbid and the pinhole size is enlarged for dispersive soil. Table 3 summarises the results of the pinhole test. For the specimens which were categorised as D, they were dispersive soils. ere was also a common characteristic. Most of the specimens primarily included silt with a fines content varying from 52 to 96% [30] and their Unified Soil Classification System (USCS) symbols were ML and SM-ML. e pinhole size enlarged in a range of 2-4 mm after the test. e specimen S-19 categorised as ND was nondispersive soil with a fines content of 94% and mainly consisted of clay. e USCS classified this specimen as CL, which was an indication of low plasticity clay. e pinhole size for the specimen S-19 remained unenlarged after the test. e test results revealed a fact indicative of the tendency of the silt from Kaohsiung, Taiwan to possess high dispersion, or very low strength, or both. e particle-size distribution analysis indicated that the Kaohsiung soil belonged neither to the gap-graded gravelly Advances in Civil Engineering 7 sands susceptible for segregation piping nor to the dispersive clay prone to internal erosion. In fact, the particle size for the Kaohsiung soil lay midway in the range of silt and sand. e pinhole tests were regarded as an effective means to identify not only the nonplastic nature of the Kaohsiung silt contained in the sand but also its high vulnerability to piping or internal Advances in Civil Engineering erosion. It may be conclusively mentioned that the seepageprone weak zones and high hydraulic gradient initiated the water leak incident and that water from the two undermined water mains transferred the Kaohsiung silt into more flowable debris and its nonplastic nature aggravated the collapse even further. Despite an apparent inadequacy in dealing with similar incident in other sites, the local sandy silt was found to be prone to the piping at deep depths under large hydraulic gradients, and the two undermined water mains enhanced its flowable nature, thereby enlarging the scale of the water leak incident.
Lessons Learned.
Quite often subway construction failures are not explained nor published, which makes the same mistakes to be made another time with great casualties and economic losses. Some bullet points that indicate what engineers should do or avoid are learned and summed up as follows: Advances in Civil Engineering 9 (i) Quality control for grouting: since in-ground obstructions such as wastewater and electricity mains can result in some difficulty in installing jet-grout columns exactly in the plumb, a trial grouting should be performed prior to the formal one to verify the design grouting parameters. (ii) Seepage-prone weak zone: except for trial grouting, additional soilcrete columns, resulting from chemical grouting, should be considered during design phase and constructed next to jet-grout columns, which not only increases the length of path for the groundwater seepage but also prevents formation of the seepage-prone weak zone. (iii) Local soil nature: the Kaohsiung silt contained in the sand has proved to possess high dispersion, or low strength, or both. ere is a necessity to investigate the nature of local soils while progressing upcoming subway construction project if they are found to exhibit peculiar behaviour differentiated from common sense in soil mechanics.
Concluding Remarks
e main cause to lead to the water leak incident was investigated. e pinhole tests were conducted to highlight not only the nonplastic nature of the Kaohsiung silt but also its vulnerability to piping or internal erosion. Some main concluding remarks can be drawn as follows:
(1) e piping was responsible for initiating the water leak incident. Dumping sand bags and quick-set cement failed to ease the water leak. Mud water carried away fine particles in the ground and together flowed into the tunnels through the ripped liner joints leading to serious ground loss. Such ground loss caused two surface cave-ins. e surface cave-ins not only impeded traffic but also caused damages to adjacent properties. (2) e hydraulic pressure at the point of water ingress was estimated to be about 300 kPa. e length of shortest path for groundwater seepage was from the bottom of the soilcrete body to the point of water ingress, that is, 2.4 m, corresponding to the hydraulic gradient of 12.1.
(3) e existing vehicle underpass led to some difficulties in installing the jet-grout columns exactly in the plumb, and some seepage-prone weak zones were thus developed. e seepage-prone weak zones allowed the water to flow through the jet-grout columns into the sump pit, and such high hydraulic gradient made the water inflow even greater. e combined effects were deemed as the main cause initiating the water leak incident. (4) e results of the pinhole test identified not only the nonplastic nature of the Kaohsiung silt but also its vulnerability to piping or internal erosion under large hydraulic gradients. Water from the two undermined water mains and the nonplastic nature of the Kaohsiung silt aggravated the collapse even further. More detailed investigation is considered to be necessary to address the explored issue with different aspects of view.
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